Abstract. The self-sensing principle of self-sensing active magnetic bearings(SSAMBs) is introduced, and a self-sensing configuration based on the current amplitude modulation is explored. The inductance coefficient is the function of rotor displacement, so the voltage of the electromagnetic coil is the function of rotor displacement too. Add a high-frequency signal to the input of linear power amplifier for amplitude modulation, and then let the coil voltage go through the syntony circuit to extract the high-frequency voltage signal containing the displacement signal and perform demodulation. After commutating the demodulated voltage signal, the pulsed DC voltage signal is gained. Lastly, through the lowpass, the smooth DC voltage signal reflecting the rotor displacement is gained. Convert this signal to feedback signal to control the rotor position. Simulations are completed, and the results show that this system is successful in sensing the rotor position and this approach is feasible.
INTRODUCTION
Active magnetic bearing (AMB) is a new kind of bearing. Unlike conventional bearings, which rely on mechanical forces originating from fluid films or physical contact to support bearing loads, AMB systems utilize controllable electromagnetic force caused by electromagnets to levitate and support a shaft in an air-gap between the bearing stators [1] [2] [3] [4] . The technology of AMB relates to many subjects such as Electromagnetism, Control Theory, Mechanics, Rotor Dynamics, etc. Compared to conventional mechanical bearings, AMB offers the following unique advantages: non-contact, no friction, high speed, low power loss, high accuracy, elimination of lubrication and so on. Due to these advantages, AMB is used widely in many fields such as transportation, high-speed machine tool, aerospace, nuke industry, etc. In the recent years, magnetic bearing technology has made an industrial breakthrough in the field of high vacuum technology(turbo-molecular pumps) and other turbo machines such as compressors and * To whom any correspondence should be addressed. turbo expanders. There are new application fields such as air conditioning, fuel cells, and energy cogeneration, which have great production potential (10 000-100 000 pieces/year). In order to achieve high volume production for AMB systems, they must be low-cost and reliable [5, 6] . The concept of the self-sensing AMB is to eliminate the position sensors and estimate the position through measuring the current in the electromagnetic coils. In SSAMB, the magnetic coils act as actuator as well as sensor. In the recent years, some researchers did some works, which used different methods and had respective features [7] [8] [9] [10] . Most of these works only discussed the magnetic coupling phenomena and the effects of bias current on magnetic force. In this paper, the estimation of rotor displacement is explored through the modulation approach. The basic configuration of self-sensing radial magnetic bearing is introduced, and the mathematic model is given to explain the principle of self-sensing. This approach represents a significant reduction of manufacturing costs. Since the number of components is reduced, the reliability and the compactness of the system are increased.
STRUCTURE AND PRINCIPLE
The modulation approach is based on measuring the change of inductance caused by the rotor displacement through a high-frequency signal applied to the actuator coils, and the sensor and the actuator functions are realized by the same electromagnets. The advantage of this approach is that the sensing information, here at high frequencies, is no longer coupled to the control signal. amplitude depends on the air gap, the sensing component of the current can be extracted using a highpass filter (HPF) and the signal is demodulated. The radial magnetic bearing used here is composed of eight poles, where two pole pairs are assigned for one-degree-of-freedom (DOF). We restrict our attention to estimation of the vertical position. For simplicity, only one pole pair is modeled in this section. The model is shown in figure 2 , in which α represents half of the angle between the two poles (for eight-pole AMB, α=22.5˚), x 0 is the nominal length of air gap, x is the vertical displacement of the rotor. This model is readily extended to a fully coupled stator with both displacements. In the AMB system, the inductance of coils is the function of rotor displacement x, making a Taylor series expansion on the inductance on the balance point of x 0 , then the inductance is: ) 1 ( 
where, μ 0 is the magnetic permeability of free space, N represents the number of turns in the coil, A is the cross section, x l represents the change of the air gap, α
. Since x is a tiny quantity, the second and higher harmonics can be ignored. Thus the inductance can be rewritten as: where, Ω -frequency of the variety of displacement, kHz x m -amplitude of displacement, mm Assuming that the magnetic material is linear, gap flux density is uniform, leakage flux is negligible, the two coils wound on the top legs are wired in reverse series, and the air gap length is small compared to gap arc length or axial length. The high-frequency voltage injected to the power amplifier is assumed as:
In the AMB system, a voltage-current power amplifier is used. Thus, the high-frequency current behind the amplifier is, (8) can be rewritten as:
In this way, the voltages of the top and the low pole pairs can be gained as: (10) After a minus operation between the two voltages above, a voltage signal directly rated with the rotor displacement x l can be gained:
By commutating with the voltage , a DC voltage can be got, and via a lowpass, a voltage which represents the varying rule of rotor displacement can be gained. Thus, it can be used as the feed back signal of the closed loop system. ) (t e
SIMULATIONS
Under the Simulink condition of MATLAB, the simulations are explored. The used coefficients are shown in table 1. The simulated waveforms of position estimation are shown in figure 3 to figure 6 . It can be seen that the amplitude envelope of amplitude-modulated voltage represents the varying rule of the rotor displacement. After the operations of demodulating, commutating and low pass filtering, the estimated signal which will be used as feed-back signal is gained. Figure 7 shows the relationship between the output voltage(the estimated signal) and the rotor displacement. It can be seen that the output voltage of the coil varies nearly linear with the rotor displacement, and at both of the maximum displacement, the voltage is approximately equal. The levitating simulations curve is shown in figure 8 , from which, it can be seen that the overshoot is about 4% and the responding time is less than 2s. The rotor can be levitated rapidly and stably at the balance position (where the gap length is 0.5mm) with no disturbance. The pulse response curve of the rotor is shown in figure 9 . It can be descried that the rotor displacement increases suddenly at the time of pulse disturbance acts. Under the control of controller, the rotor comes back to the original balance position raplidly. It can be concluded that the SSAMB system has the advantages of good rigidity and rapid responding characteristic. 
CONCLUSIONS
The rotor displacement of the self-sensing magnetic bearing can be detected without sensors. By injecting a high-frequency signal as the testing signal, the displacement can be extracted from the voltage of coils. This displacement signal can be converted into feedback signal to control the rotor position. The results of simulations show that this system is successful in sensing the rotor position and this approach is feasible. The radial size of the magnetic bearing is reduced, the dynamic performance and the reliability of the AMB system are improved, and the total cost is reduced.
